In order to enhance the adsorption efficiency and economize the use of macroporous resin, we have treated it with the dielectric barrier discharge (DBD) plasma to improve its adsorbing capacity for phenol. The effects of operation conditions, for instance, applied voltage, treated time, and air flow rate on resin, were investigated by adsorption kinetics and isotherms. Results showed that the adsorption data were in good agreement with the pseudo-second-order and Freundlich equation. Experimental results showed that the modified resin was 156.5 mg/g and 39.2% higher than the untreated sample, when the modified conditions were conducted for discharge voltage 20 kV, treatment time 45 min, and air flow rate 1.2 L/min. The resin was characterized by FTIR and nitrogen adsorption isotherms before and after the DBD processes. It was found that the reason for the enhancement of resin adsorbability was attributed to the DBD plasma changing the surface physical and chemical structure.
Introduction
Adsorption on resin is a simple technology that has found widespread application in the treatment of industrial effluents [1, 2] . In order to improve the adsorption efficiency and economize the use of macroporous resins, many studies on surface modifications have been carried out, and they mainly focus on chemical modifications [3] [4] [5] [6] .
Recently, nonthermal plasma technology for material modification becomes one of the most active fields [7] [8] [9] . Nonthermal plasma surface treatment has lots of features, including no change to the thermal and mechanical properties of the adsorbents, but altering the various interfacial characteristics, such as the surface chemical and physical structure properties [10, 11] .
Dielectric barrier discharge (DBD) could produce spatially uniform and stable plasma under atmospheric pressure easily [12, 13] . Using oxygen as gas source in DBD plasma, various kinds of active species including high-energy electron, ozone, and many other strong oxidized free radicals have been generated [12, 13] , which could be beneficial to the material surface modification. However, to our knowledge, systematic studies on surface modification of resin by DBD plasma are still limited.
Phenol is a kind of highly toxic and refractory pollutant commonly emitted from industrial effluents. This paper presents a new approach that macroporous resin is modified in a double dielectric barriers discharge reactor. The effects of operation parameters for phenol removal, including applied voltage, treatment time, and gas flow rate on adsorption kinetics and adsorption isotherms, have been investigated. FTIR and N 2 adsorption isotherms were employed to evaluate the surface chemical and physical characteristics of macroporous resin treated with DBD plasma. The obtained experimental data demonstrate the DBD could enhance the phenol adsorption of resin effectively. overnight. Phenol and other chemical reagents were of analytical grade and purchased from the Tianjin Kermel Co., Ltd. (Tianjin, China). The phenol solution was prepared with deionized water. Figure 1 illustrated the DBD treatment system. The DBD reactor was driven by an alternating current (AC) high-voltage power. The reactor was comprised of two parallel-plate stainless steel electrodes as the high-voltage and ground electrodes, respectively, and each electrode was covered by one quartz glass dielectric, and the detailed dimensions were given in our previous articles [14] . The AC power frequency was 100 Hz, and the peak voltage was adjustable in a range of 0-50 kV. In every batch experiment, before the DBD treatment began, 2.0 g resin was filled in the packed bed of the reactor. Typical voltage and current waveforms of the DBD reactor were shown in Figure 2 , which were recorded by a digital oscilloscope (Tektronix TDS2014, USA) equipped with a voltage probe (Tektronix P6015A, USA) and a current probe (Tektronix P6021, USA).
Experimental System.

Adsorption Experiments.
After the DBD plasma treatment, 0.05, 0.1, 0.2, 0.3, and 0.4 g of resins were added into the phenol solution (50 mL, 100 mg/L) in a series of sealed flasks. These flasks were placed in the water bath shaker with a 150 rpm of agitation speed.
The concentrations of phenol were determined by a UVvis spectrophotometer (UV-2102C, Unico (Shanghai, China) Instrument Co., Ltd.). The equilibrium adsorption capacity of phenol onto the adsorbent ( , mg/g) was calculated from the following equation:
where and (mg/L) are the initial and equilibrium concentration of phenol in solution, is the adsorption capacity of resin, (L) is the volume of solution, and (g) is the adsorbent mass.
Langmuir isotherm is used to describe a type of monolayer adsorption, which has a finite number of identical localized sites:
where (mg/g) is the initial amount of adsorbate and (L/g) is a Langmuir constant related to the affinity of the binding site.
Freundlich sorption isotherm is the most widely used equation describing the nonideal and reversible adsorption, and the equation has the form: 
Freundlich constant related to adsorption amount and is also a Freundlich constant to measure the adsorption intensity.
For the purpose of comparison the adsorption capacity before and after DBD plasma treatment, the same method was used to determine the adsorption kinetic of the virgin resin.
Analysis Method.
The surface characteristics of virgin and DBD treated resins were measured from the N 2 adsorption at 77 K by NOVA 1200 (Quanta Chrome) equipment. Surface areas were identified according to the BET method. FTIR spectroscopy (EQUINOX5 spectrophotometer) was applied to characterize the chemical properties of the resin samples.
Results and Discussion
DBD Modified Resins Adsorption.
In this study, the comparison of adsorption dynamics and isotherms of the resins has been done before and after DBD treatment under different operation parameters, including applied voltage, treatment time, and air flow rate, which allow us to obtain valuable information for the adsorption process of these resin samples.
Adsorption kinetic is an important physical characterization of adsorption rate, because it could indicate the removal rate of the pollutant in aqueous solutions and provide valuable data for a good understanding of the sorption reactions mechanism. Therefore, Lagergren first-order and pseudo-second-order kinetic models were utilized in the analysis of the experimental data in this study.
Analysis of isotherm data is very important for predicting adsorption capacity and adsorption behavior of adsorbent. Several models have appeared in the literature to evaluate adsorption isotherm. The Langmuir and Freundlich [15] models are the models often used. In the Langmuir model it is assumed that the adsorption is totally homogeneous in the surface of adsorbent, whereas it is a highly heterogeneous surface for Freundlich model. Thus, Langmuir and Freundlich isotherm models were tested and made the comparison of the goodness of fit based on the experimental data.
Effect of Applied Voltage.
The strength of electric field obviously affects the generation of active species (such as O 3 , ⋅OH, etc.) in DBD plasma and thus can influence the resin modification. The other viable run parameters were included below: treatment time 30 min and air flow rate 0.8 L/min. Figure 3 presented the adsorption kinetics of virgin and DBD treated resins under different applied voltages. For both samples, phenol adsorption was quick in the initial 7 h, and the equilibrium plateau was achieved in 12 h. After that time point, the adsorption amount kept constant.
The fast adsorption is probably because the pore structure of the resins offered sufficient available adsorption sites in the early stage of the adsorption. Thereafter the active sites reduced with increasing contact time, and then the observed plateau appeared. Table 1 showed the kinetics of phenol adsorption on the resin samples. The Lagergren first-order and pseudo-secondorder models were used to investigate the adsorption mechanisms. Clearly, the correlation coefficients of the pseudosecond-order model were much closer to 1, and the calculated accorded well with the experimental data, proving that this model could be adopted for the simulation of the resins adsorption to phenol.
The fitting results of the Freundlich and Langmuir models were presented in Table 2 and Figure 4 . The contrasted results showed that the theoretical calculations of Freundlich model could be better fitted to the experimental data than Langmuir.
In summary, as shown in Figures 3 and 4 and Tables 1  and 2 , the DBD treated resins adsorption capacities upgraded firstly and then decreased with the rising peak voltages. When the applied voltage was 20 kV, the optimal adsorption capability was 133.1 mg/g and increased 19.4% than untreated one. In contrast, the adsorption capability of 28 kV was 109.0 mg/g and lower than virgin one. It is generally believed that the excessive voltage produces more active species in plasma, which could affect the surface properties of resins, resulting in the fact that their hydrophilicity was enhanced. Under this circumstance, it was helpful for the adsorption of resin for phenol. However, the energetic species could also collapse the adsorption channels and framework of resin under higher voltage, leading to the decline of adsorption capacity of resin.
Effect of Treatment Time.
The DBD plasma treatment time would also directly affect the generation of active species Table 3 , it is obvious that the pseudosecond-order model can imitate the phenol adsorption on resins more accurately than the Lagergren first-order. The fitting results of the Freundlich and Langmuir isotherms were shown in Table 4 and Figure 6 . By analysis and comparison, the Freundlich model could be better used to simulate the phenol adsorption onto virgin resin and DBD treated resins under different treatment times than Langmuir model. The adsorption quantity of phenol firstly rose and then decreased with increasing treatment time (as shown in Figure 5 and Table 3 ). When the discharge time increased to 45 min, the corresponding adsorption amount was 145.8 mg/ g, which was enhanced to 29.0% compared to the untreated sample, whereas when discharge time extended to 60 min, the adsorption capability was 8.4% lower than virgin one. This phenomenon may be attributed to the following reasons: the increase of the treatment time resulted in the increase in the collision and even reacting probabilities between the active species and the resin, which was favorable to enhance the variety of oxygen-containing functional groups on the resin surface, strengthening the electrostatic and hydrogen bonding interactions during the phenol adsorption process. On the contrary, prolonging the reaction time would oxidize the surface structure of resin, resulting in the fact that its textural structure collapses. So it could be suggested that a longer treatment time is harmful to the adsorption of resin.
Effect of Air Flow
Rate. Gas source is essential for nonthermal plasma production. In this research, we employed air as the gas source for the DBD reactor. Other experimental conditions included applied voltage 20 kV and treatment time 45 min. Figure 7 shows the sorption kinetics of virgin and DBD treated resins under different air flow rates. Combining Table 5 , it is obvious that the pseudo-second-order model has higher goodness of fit than the Lagergren first-order. Moreover, combining Figure 8 and Table 6 , it can be inferred that the Freundlich model can fit better the phenol adsorption data for virgin resin and DBD treated resins.
From these figures and tables, it can be seen that the adsorption was increased with air flow rate. However, the improvement of the adsorption at 0.4 L/min was not so promoted compared with the untreated one. The maximal adsorption was achieved 156.5 mg/g when air flow rate was 1.2 L/min, which was 39.2% higher than the untreated one. It could be suggested that, with the increase of air flow, the amount of active species produced by DBD plasma is increased, which is benefit to improve the surface chemical properties. Conversely, when the air flow rate is too high (1.6 L/min), the residence time of active species in DBD reactor is shortened and their utilization efficiencies are correspondingly decreased. Hence, the combined effects of above 6
Journal of Chemistry two aspects resulted in the best adsorption performance achieved when the air flow rate was 1.2 L/min. Figure 9 illustrates the FTIR spectra obtained from the virgin and DBD plasma treated resins. The sample presenting the highest adsorption capacity, which was treated under the condition of applied voltage 20 kV, treatment time 45 min, and air flow rate 1.2 L/min, was named as DBD 1. In contrast, DBD 2 was the lowest result at applied voltage 20 kV, treatment time 60 min, and air flow rate 0.8 L/min. From Figure 9 , DBD 1 and DBD 2 had two strong representative peaks at 1604 and 2922 cm −1 similar to untreated one but were both greatly weakened. DBD also results in some new changes for the IR spectrum of treated samples. Firstly, a moderate C-O stretching band involving hydroxyl groups came back at 1105 cm −1 , and appearance of this band might result from DBD treatment [16] . Secondly, the peak at 3600 cm −1 disappeared through DBD treatment, which could be assigned to O-H [4] . Table 7 mainly generalized the relevant surface structural properties of virgin and DBD treated resin. Based on the information observed in Table 7 , it could be noticed that the various data of the DBD treated samples were considerable different from the virgin one. Compared with the untreated resin, DBD 1 resin had a bigger BET surface area, micropore area, micropore volume, and total pore volume. Conversely, all data of DBD 2 has little change compared to the virgin resin. It can be indicated that the surface area and pore volume of DBD 1 were upgraded by the suitable plasma treatment. It is generally believed that the surface textural properties of resin were improved under conditions of DBD 1; at the same time, along with the DBD chemical effects, such as electrostatic and hydrogen bonding interactions, the enhancement of adsorption capacity reached.
FTIR Spectra Analysis.
Surface Textural Properties.
Conclusions
The DBD treatment for surface modification of macroporous resin had been performed for improving its adsorbability for phenol. Significant influences of applied voltage, treatment time, and air flow rate on resin adsorption capacity were observed. The experimental results show that the adsorbability of DBD treated resin was 156.5 mg/g and 39.2% higher than the untreated resin when the treatment was conducted in these conditions, such as discharge voltage 20 kV, treatment time 45 min, and air flow rate 1.2 L/min. The phenol adsorption on resins was fitted well with the pseudo-second-order and Freundlich model, indicating the homogeneity of the resin surface. At the optimum conditions, the DBD treatment increased the surface area and pore volume of the resin but slightly changed the surface chemical properties. The obtained experimental data has demonstrated that the DBD could enhance the phenol adsorption of resin effectively.
